The Bakken Shale has become one of the United States' most important oil and gas producing regions. This study examined the microbiology and geochemical characteristics of Bakken region produced water from 17 well sites sampled from the three-phase separator and produced water holding tank over a 6-month time frame. Produced water samples had high total dissolved solids (220 000-350 000 mg/L) and low dissolved organic carbon concentrations (41-132 mg/L). Microbial abundances varied between 10 1 and 10 4 16S rRNA gene copies/mL, approximately four orders of magnitude below those observed for produced waters from other hydraulic fracturing regions. The most abundant bacterial orders found in produced water samples were Bacillales, Halanaerobiales and Pseudomonadales, consistent with observations from other unconventional resource plays. Our observations suggest temporal community structuring, as produced waters sampled early in our sampling period were dominated by Halanaerobiales, and produced waters sampled at the remaining winter sampling time points were characterized by high relative abundances of Bacillales and Pseudomonadales. Data from this study extends the current available knowledge of the microbiology and chemistry associated with produced water from the Bakken region and provides insights into microbial community dynamics in hypersaline subsurface fluids.
INTRODUCTION
Improvements in high-volume hydraulic fracturing and horizontal drilling techniques have led to an increase in oil and gas production from unconventional reservoirs bringing changes to the current and future energy landscape (Gregory, Vidic and Dzombak 2011; Orangi et al. 2011) . These developments have also motivated investigations into the microbial communities associated with produced water from hydraulic fracturing. The term 'produced water' in this manuscript refers to wastewater from horizontally drilled, hydraulically fractured wells. The control of microorganisms, native to the subsurface or introduced during the drilling process, represents one of the primary concerns associated with produced water management. Microorganisms associated with hydraulic fracturing fluids may produce hydrogen sulfides, form acids and accumulate biomass (Daly et al. 2016; Liang et al. 2016; Booker et al. 2017; Lipus et al. 2017a) . These processes can contribute to corrosion and fouling of infrastructure equipment and pipelines, lead to souring of natural gas and result in decreased formation permeability, all of which may lead to additional operating costs, minimize the potential for produced water recycling and increase the risk for environmental contamination (Arthur et al. 2008; Gregory, Vidic and Dzombak 2011; Mohan et al. 2013a,b; Cluff et al. 2014; Gaspar et al. 2014; Mohan et al. 2014; Gaspar et al. 2016; Mouser et al. 2016) . Microbial activity in produced water is therefore a concern from an industrial standpoint, but also of broad interest due to the potential for environmental consequences.
Previous research efforts evaluating microbial composition and behavior in produced waters from hydraulic fracturing operations have focused on the Marcellus Shale and Barnett Shale regions. Data from these studies suggested a rapid transition of the microbial community in produced water, from an aerobic surface water microbial community during the early flowback period, to a fermentative, anaerobic community in produced waters several weeks to month post fracture (Strong et al. 2013; Cluff et al. 2014; Mohan et al. 2014; Akob et al. 2015; Mouser et al. 2016; Vikram et al. 2016; Lipus et al. 2017a,b) . Bacteria classified as the genus Halanaerobium were particularly abundant and have been isolated from produced water, suggesting this taxon is one of the most important members of the produced water microbial community (Mohan et al. 2013a,b; Cluff et al. 2014; Liang et al. 2016; Lipus et al. 2017a,b) . These previous observations have suggested operational parameters, such as well age and biocide application to impact the microbial ecology and activity in produced waters (Cluff et al. 2014; Vikram, Lipus and Bibby 2014; Lipus et al. 2017a,b) . Nevertheless, to date it is not clear if microbial community structure and activity are homogenous across hydraulic fracturing regions, or if the unique physiochemical and operational characteristics of each region select for the microbial ecology. One of the reasons for this knowledge gap is the limited data available for unconventional regions other than the Marcellus or Barnett Shale. Additional investigations, focusing on microbial populations in produced waters from other oil and shale gas regions, are therefore necessary to better understand microbial activity and identify potential driving forces in the selection of the microbial communities in hydraulic fracturing systems. Determining the metabolisms of subsurface microbial communities in hydraulically fractured shales and how their response to environmental and anthropogenic perturbations contributes to their persistence in these environments is also paramount to revealing the complex microbial ecology of these systems and therefore of general scientific interest.
The Bakken formation, together with the underlying Three Forks formation, represents one of the most important oil and gas reservoirs in the United States with reserves of 7.4 billion barrels of oil and 190 billion m 3 of natural gas (Gaswirth et al. 2013; Plummer et al. 2013) . It is currently the third most productive oil region in the United States (EIA US 2017), and generates significant volumes of produced water (Kondash and Vengosh 2015) . A 2016 study reported approximately 4600 total and 1500 active hydraulic fracturing wells in the Bakken region and estimated each well generated 11 million liters of wastewater in its first year of operation (Horner et al. 2016) . Similarly, the Energy Information Administration reported 2200 active Bakken wells in 2014 (EIA U 2016). The Bakken region is also a unique subsurface environment characterized by high total dissolved solids (TDS) (>300 000 mg/L and more than 10 000 feet deep in some areas) differing from many previously evaluated shale plays and making its biological and chemical characterization a substantial engineering interest. Unlike the Marcellus Shale, one of the best-characterized shale gas regions in the United States, the Bakken Shale is also a predominantly 'wet' (oil producing) region. Currently, very little is known about the microbial communities in Bakken region produced waters. To date, one study has evaluated microbial populations in Bakken Shale produced water; however, analysis only included two produced water samples (both from western North Dakota), which were found to be dominated by the bacterial taxa Halanaerobium, Marinobacterium and Pseudomonas (Strong et al. 2013) . Other studies evaluating Bakken Shale produced waters have only assessed geochemical data. A 2010 study reported overall TDS concentrations ranging between 150 000 and 219 000 mg/L, with sulfate concentrations as high as 1000 mg/L (Stepan 2010 , Kurz et al. 2016 , while a 2016 study found TDS values as high as 350 000 mg/L (Thyne and Brady 2016) . Expanding the current research efforts to understand produced water microbial activity in the Bakken Shale region is critical to the hydraulic fracturing industry, due to the need to identify economic and environmental impacts, but also of high interest to researchers analyzing microorganisms living in subsurface environments with unique physicochemical conditions. Produced waters from hydraulic fracturing operations represent a novel habitat and demonstrate unique microbial community dynamics. Furthermore, factors driving the microbial community composition and impacting microbial activity are not yet fully understood, emphasizing the need for further evaluation. Identifying these factors may help to control microbial activity and subsequent detrimental effects through changes in hydraulic fracturing operations and produced water management tailored specifically to each operating region.
The goal of this study was to characterize the microbial ecology of Bakken region produced water from 17 unconventional hydraulic fracturing wells in the Bakken and Three Forks formations sampled across a 6-month time frame. Additionally, TDS, dissolved organic carbon (DOC), pH and geochemistry data were collected at all four time points. Individual ion concentrations were determined at the first sampling point. Findings from this study expand the current microbiological characterization available for oil and shale gas region produced waters and provide insights into microbial community dynamics in a unique, extreme environment. Finally, data obtained from this study were compared to that of previous investigations (e.g. in the Marcellus and Barnett), to identify trends in chemistry and microbiology across a wider range of hydraulic fracturing systems. Results will aid in the identification of microbial taxa potentially contributing to deleterious effects, such as corrosion and souring, and will help to understand what factors may impact microbial community structuring in produced water and hydraulic fracturing infrastructure.
MATERIALS AND METHODS

Sampling
Produced water samples analyzed in this study were sampled from hydraulic fracturing wells in North Dakota actively producing oil from the Bakken formation or the underlying Three Forks formation. As production data from the Bakken and Three Forks formations are usually reported together and labeled 'Bakken Shale Data,' we refer to the sampled region as Bakken Shale or Bakken region throughout the manuscript. Produced water samples were collected from the three-phase separators and final storage tanks of 17 different well sites (Table 1 ) on four dates: 10/8/2014, 11/5/2014, 1/14/2015 and 3/25/2015 . The function of the separator was to separate the hydrocarbons (oil and/or gas) from the remaining fluids (produced water). The function of the storage tank was to store the produced water until disposal, treatment or recycling. The locations of the wells are shown in Fig. 1 . One produced water sample from each sample location was collected at each sampling timepoint. Our sampling strategies were based on those reported in previous produced water ecology studies and recommendations (Struchtemeyer and Elshahed 2012; Bibby et al. 2013; Mohan et al. 2013a Mohan et al. ,b, 2014 . The separator and storage tanks were selected as sampling sources as they represent two key parts of the hydraulic fracturing infrastructure that may be affected by microbial activity. Furthermore, the separator represented the sampling location closest to the wellhead. The samples were collected in 1 L sterile polypropylene bottles and transported on ice to the Environmental Engineering Laboratory at North Dakota State University. Approximately 100 mL of the sample were centrifuged immediately upon arrival and pellets were sent overnight on ice to the University of Pittsburgh for DNA extraction or stored at -80 • C until shipment. This volume was within a volume range successfully used by our and other research groups for DNA extraction from produced water (Struchtemeyer and Elshahed 2012; Strong et al. 2013; Lipus et al. 2017a,b) .
Chemical analysis
DOC was measured after diluting the samples with deionized distilled water using a Phoenix 8000 UV-persulfate total organic carbon analyzer (Teledyne Technologies, Thousand Oaks, California). The pH was measured using an automatic temperaturecorrected pH meter (Orion 230A, Thermo Scientific, CO). Turbidity was determined using a 2100N Laboratory Turbidimeter and Formazin standards (Hach Company, Iowa). Alkalinity was assessed by the titrimetric method using a standard 0.02 N sulfuric acid titrant, and interference checking was performed using American Public Health Association standard method (AWWA et al. 2005 . TDS was measured using gravimetric method according to American Public Health Association standard method (AWWA et al. 2005 . The sample was filtered through a 0.45 μm pore-size cellulose acetate membrane prior to TDS determination. Detailed ion measurements could only be performed for the October samples. Complications with the performed chemical analysis did not allow the measurement of individual ions for the other time points. Ion concentrations were analyzed using a Perkin Elmer SCIEX inductively coupled plasma mass spectrometer (ICP-MS, Elan DRC-e). The samples were subject to microwave digestion prior to analysis. Quality control included certified reference materials (EnviroMat ES-H-2 and NIST 1640a), ICP internal standard, continuous control verification and spiking samples for matrix interference detection. The samples were digested with 15% concentrate nitric acid to ensure the conversion of any oil residue to inorganic form. The samples were diluted 1:100 with deionized water prior to the analysis. For some of the samples, concentrations of few elements (Be, Cr, Co, Cu, Se and Sn) fell below the method detection limit due to the dilution. Analyses were conducted at least in duplicates. One sample was collected per well and split into two technical replicates for analysis.
DNA extraction and sequencing
DNA extraction and sequencing were achieved as described previously (Lipus et al. 2017a,b) . Briefly, collected biomass was digested with 10 μL of 20 mg/mL lysozyme for 30 min at 37
• C followed by DNA extraction using a MoBio PowerSoil kit (Carlsbad, CA) according to the manufacturer's instructions. DNA from all samples was amplified using 16S rRNA primers as described previously (Caporaso et al. 2012 ). Samples initially not amplified were diluted 10-fold prior to amplification to limit inhibition. Negative controls were utilized for each PCR reaction and all negative controls were negative for contamination. Following amplification, 16S rRNA gene PCR products were purified using AMPure beads (Beckman Coulter, Pasadena, CA), run on a 1% agarose gel for cleanup verification and quantified using Qubit (Life Technologies, Carlsbad, CA). Purified PCR products were pooled and diluted to a concentration of 20 nM. Diluted samples were then denatured using fresh 0.2 N sodium hydroxide for 5 min at room temperature and further diluted to 10 pMol library with hybridization buffer HT1 according to manufacturer's instructions (Illumina, San Diego, CA). The 10 pMol library was spiked with 5% of 12.5 pMol PhiX control and sequenced using a 300 cycle V2 Nano kit on an Illumina MiSeq sequencer (Illumina, San Diego, CA). 
Quantitative PCR
The bacterial abundance for all produced water samples was determined using quantitative PCR (qPCR) using 16S rRNA gene primers designed by Maeda et al. (2003) . The number of 16S rRNA gene copies per milliliter was calculated as described previously (Da Silva and Alvarez 2007) . We used the same protocol as described previously (Lipus et al. 2017a) . Briefly, qPCR reactions were run in triplicate, each containing 1 μL DNA, 10 μL SYBR Green qPCR Mastermix (BioRad, Hercules, CA), 8 μL ultrapure water, 0.5 μL reverse 16S rRNA gene primer and 0.5 μL forward 16S rRNA gene primer. Standard curves were generated using genomic DNA from Pseudomonas fluorescens (ATCC 13525). Reactions were run using a BioRad qPCR thermocycler (BioRad, Hercules, CA) using default settings. The number of 16S rRNA gene copies/mL was calculated as described previously (Lipus et al. 2017a,b) . The theoretical detection limit was 10 1 16S rRNA gene copies/mL.
Data analysis
16S rRNA gene sequences from all samples were analyzed using Quantitative Insights into Microbial Ecology (QIIME) version 1.7.0, as reported previously (Caporaso et al. 2010; Kuczynski et al. 2012; Lipus et al. 2017a) . Sequences were quality trimmed (Q20) and demultiplexed. Operational taxonomic units (OTUs) were then picked using the pick closed reference otus.py python script using UCLUST against the 2014 GreenGenes core set gg 97 otus.fasta reference database (DeSantis et al. 2006; Edgar 2010) . Beta diversity was assessed by calculating weighted UniFrac distances (Lozupone and Knight 2005) . Furthermore, Bray-Curtis distances were calculated and displayed on a nonmetric multidimensional scaling (NMDS) plot using vegan in R (Oksanen et al. 2007 ; R Core Team RC 2013). The environmental parameters TDS, pH, DOC and alkalinity were fit to the NMDS plot using the vegan envfit tool in R (Oksanen et al. 2007; R Core Team RC 2013) . Alpha diversity was assessed by determining the number of OTUs, Chao1 and Shannon indices. The data were subsampled (1000 sequences per sample) for alpha diversity analysis using the single rarefaction.py script in QIIME. Statistical differences in diversity, microbial abundance and TDS concentration between separator and storage tank samples, Bakken and Three Forks formation samples, and between the four evaluated time points were assessed using two tailed t-tests and one-way ANOVA (analysis of variance). These data were previously determined to be normally distributed. DNA sequences were deposited on Metagenomics Rapid Annotation using Subsystem Technology (RAST) Server (MG-RAST) (Meyer et al. 2008) and can be accessed and downloaded under the library accession number mgp17856. Sequence headers are described in Fig.  S1 , Supporting Information.
RESULTS
Sample characteristics and geochemistry
Produced water samples were taken from 17 hydraulically fractured, horizontal, Bakken formation (nine wells) and Three Forks formation (eight wells) well sites (Fig. 1) . Overall, 64 separator samples and 57 holding tank samples were collected at four different time points (October 2014, November 2014, January 2015 and March 2015) over a 6-month time frame (Table 1) . Each well had its own produced water holding tank. The holding tank and separator from well 6 were not sampled in November 2014, holding tanks from wells 1, 2, 7, 8, 10, 11, 12 and 16 and separators from wells 9 and 15 were not sampled in January 2015 and the holding tank and separator from well 9 were not sampled in March 2015 due to operator specific logistical challenges, such as inaccessibility to the well pad during sampling time and low flow volume from the sampling port during sampling. The production ages of the wells analyzed in this study ranged from 270 to 1241 days (Table 1) . TDS, DOC, pH, alkalinity and turbidity concentrations were measured across all four time points (Table 2;  Table S1 , Supporting Information). The overall TDS concentrations ranged between 250 750 mg/L and 335 000 mg/L in the separator samples and between 259 750 mg/L and 330 500 mg/L in the storage tank samples (Table 2) . No significant changes in TDS concentrations were observed between separator and storage tank samples or across the four sampling time points (t-test, all P > 0.05). No significant differences in TDS concentrations were identified between Bakken and Three Forks formation samples (t-test, one way ANOVA, all P > 0.05). DOC concentrations in Bakken Shale produced waters ranged between 41 and 80 mg/L in separator samples and 49 and 132 mg/L in storage tank samples (Table 2 ). These concentrations were lower than previously reported for early produced waters from the Marcellus Shale of up to 400 mg/L (Barbot et al. 2013 ) and similar to concentrations of 19-46 mg/L previously reported for later Marcellus and Devonian New Albany Shale produced waters (Schlegel et al. 2013; Cluff et al. 2014) . The pH varied between 5.0 and 7.0, in the range previously reported for Bakken Shale produced waters (Kurz et al. 2016) . Detailed ion concentrations were determined for samples taken in October 2014. Produced water samples were characterized by high concentrations of calcium (26 644-41 074 mg/L), sodium (99 027 mg/L-135 847 mg/L) and potassium (9929 mg/L-15 665 mg/L) ( Table 2) .
Microbial abundance
Microbial abundance in the collected produced water samples was determined by qPCR. Eleven separator and 14 storage tank samples could not be quantified due to low DNA yield. Microbial abundance in the remaining samples varied between 10 1 and 10 4 16S rRNA gene copies/mL (Fig. 2) . No statistically significant differences in microbial abundance were observed between separator and storage tank samples (t-test, P > 0.05), between sampling time points across all samples (t-test, all P > 0.05) or between Bakken and Three Forks formation samples (t-test, all P > 0.05).
Microbial community structure
The microbial community structure was determined in 44 separator samples and 38 storage tank samples using 16S rRNA sequencing. Samples from 20 separators and 19 storage tanks were not analyzed, as they failed DNA extraction due to low biomass, could not be PCR amplified, or yielded low sequence counts due to low biomass. Abundances for all major orders are summarized in Fig. S2 , Supporting Information. All minor orders (<2%) are summarized in Fig. S3 , Supporting Information. Genus level taxonomy data for all samples are summarized in Fig. S4 , Supporting Information. The anaerobic, fermentative Firmicutes orders Bacillales and Halanaerobiales and the Proteobacteria order Pseudomonadales were the most abundant taxa across all evaluated samples, representing between 57% and 99% of the total microbial population. Figure 3 shows taxonomy data for these three most abundant orders. Bacillales were identified in all 82 samples and were the most dominant order in 45 samples. Bacillales were particularly abundant in November, January and March samples, accounting for as much as 99% of all sequences in a single sample. Within Bacillales, most sequences were unclassified Bacillaceae (up to 90% relative abundance), Bacillus (up to 17% relative abundance) or Staphylococcus (up to 14% relative abundance). These Bacillales taxa have previously been associated with acid production and spore formation (Ohara and Yahata 1996; Poole 2002; Struchtemeyer and Elshahed 2012; Setlow 2014 ). The order Pseudomonadales was identified in all samples and most abundant in the November, January and March samples, accounting for up to 69% relative abundance in a single sample ( Fig. 3; Fig. S2 , Supporting Information). Pseudomonadales was the most dominant order in 13 samples. Within the order Pseudomonadales, the majority of sequences were Pseudomonas (up to 53% total relative abundance), Psychrobacter (up to 23% total relative abundance) or unclassified Pseudomonadaceae (up to 6% total relative abundance). Psychrobacter was Figure 2 . Microbial abundance as 16S rRNA gene copies per milliliter across the evaluated Bakken formation and Three Forks formation produced water samples, as determined by qPCR. Well and time points for which no data are available were either not sampled or compromised during processing. DNA extraction from several samples failed due to low biomass. Samples labeled below detectable limit (BDL) were found to have DNA concentrations below the detectable limit.
particularly abundant in January and March produced water samples. Halanaerobiales were identified in all but three samples and were the most abundant order in all October separator and storage tank samples (up to 94% relative abundance) and 10 samples across the remaining three sampling time points. The majority of sequences within the order Halanaerobiales were unclassified Halanaerobiaceae (up to 48% total relative abundance), Halanaerobium (up to 19% total relative abundance) or Haloanaerobacter (up to 6% total relative abundance). Other observed taxa identified at greater than 10% relative abundance included Clostridiales, Bacteroidales, Lactobacillales, Oceanospirillales, Campylobacterales, and Actinomycetales (Fig. S2 , Supporting Information). Bacteroidales, Lactobacillaes, Oceanospirillales and Actinomycetales were only abundant (>10% relative abundance) in October samples. Within the Clostridiales, most sequences were affiliated with the genus Clostridium (up to 9% relative abundance). Within the Oceanospirillales most sequences were associated with the genera Halomonas (up to 13% relative abundance) or Marinobacterium (up to 9% relative abundance). Clostridium, Halomonas and Marinobacterium were all previously observed in produced water (Mohan et al. 2013a,b; Cluff et al. 2014; Lipus et al. 2017a) . The majority of the sequences within the order Campylobacterales was Arcobacter, and 11 samples had relative Arcobacter abundances of 10% or greater. The majority of sequences within the order Actinomycetales belonged to the genus Corynebacterium , a taxa previously identified in hydrocarbon polluted environments (Thavasi, Jayalakshmi and Banat 2011) . This taxon was found to be particularly abundant in October samples.
We also investigated the presence of putative sulfate reducers, as they may produce sulfides, which can result in well souring, contribute to corrosion events and cause operational interruptions. The genus Desulfomicrobium (order Desulfovibrionales) was identified in 12 samples, with a highest observed relative abundance of 1.6%. The genus Desulfuromonas (order Desulfuromonadales) was identified in 19 samples with a highest observed relative abundance of 1.8%.
Microbial diversity
Alpha diversity parameters (number of OTUs, Chao1 diversity index and Shannon diversity index per 1000 sequences) and beta diversity measurements (weighted UniFrac distances, BrayCurtis distances) were calculated to investigate microbial diversity. The range of OTUs across all samples ranged between 10 and 389 OTUs (Table S2 , Supporting Information), the Chao1 index ranged between 12 and 694 and the Shannon diversity index ranged between 1.10 and 5.70 (Table S2 , Supporting Information). All three alpha diversity measurements were found to be within the range (OTUs = 9-381, Chao1 = 23-991, Shannon diversity = 0.02-7.17) of those previously reported for produced waters (Struchtemeyer and Elshahed 2012; Mohan et al. 2013a,b) . No statistical differences in number of OTUs, Chao1 Index and Shannon diversity measurements were identified between Bakken formation and Three Forks formation samples (ttest, ANOVA, all P > 0.05). PCoA analysis of weighted UniFrac distances revealed three clusters, each defined by high relative abundances of Bacillales, Pseudomonadales or Halanaerobiales (Fig. 4) . The majority (71%) of October samples grouped in the Halanaerobiales cluster. PCoA analysis did not reveal any clustering by formation (Fig. S5, Supporting Information) . Displaying BrayCurtis distances on a NMDS ordination plot demonstrated most separator October samples clustered separately from November, January and March samples (Fig. S6 , Supporting Information). A similar pattern was observed for the storage tank samples; however, several October sample outliers clustered with the samples from the remaining three sampling time points (Fig. S7, Supporting Information) . These observations indicate a difference in community structure between most October samples and November, January and March samples. To investigate potential relationships between environmental variables and the community structure, we calculated and fit vectors on the NMDS plot. Vectors for the parameters TDS, pH, DOC and alkalinity were small for both separator and storage tank samples, suggesting none were an obvious driver of the microbial ecology. In addition, vector fitting did not reveal any obvious trends between the sample clusters and environmental factors.
DISCUSSION
Despite a growing interest into research efforts evaluating microbial activity in produced waters from oil and shale gas regions around the United States, little data are currently available on the microbial ecology of produced water generated in the Bakken region. The goal of this study was to close this knowledge gap by evaluating microbial community structuring and chemical characteristics of Bakken region produced water, providing information on deleterious microbial taxa to the hydraulic fracturing industry and insights on microorganisms habituating hypersaline subsurface environments to researchers and scientist. To achieve this goal, we evaluated the microbial community structure, microbial abundance and pH, TDS and DOC concentrations in produced waters from 17 Bakken and Three Forks formation wells across a 6-month time frame. We also determined the detailed ion compositions of produced waters from 17 wells at the first sampling time point.
Bakken and Three Forks formation produced water has low biomass compared to other shale regions
Microbial abundance was three to five orders of magnitude below microbial abundances reported for produced waters from other shale regions (Struchtemeyer and Elshahed 2012; Mohan et al. 2013a,b; Akob et al. 2015; Lipus et al. 2017a ). These observations agree with a recent Bakken Shale produced water study that reported low biomass (Gaspar et al. 2016) . High temperatures in the Bakken and Three Forks subsurface create an unfavorable environment for growth of the taxa identified in this study, suggesting that microorganisms identified were introduced to produced waters in the upper casing regions, the surface infrastructure or the fracturing fluid (Gaspar et al. 2016) . Furthermore, microbial abundances were not found to vary temporally, and microbial abundances in the separator and storage tank were not found to be statistically different (all P > 0.05). These observations suggest that samples at either the tank or separator will produce comparable results. This also highlights the potential for microbial populations in produced water to establish themselves downgradient from the reservoir and to potentially affect the well casing and infrastructure.
Bakken and Three Forks formation produced water is dominated by the taxa Bacillales, Halanaerobiales and Pseudomonadales
Analysis of the microbial community structure using 16S rRNA sequencing revealed both separator and storage tank produced water samples were dominated by the orders Bacillales, Halanaerobiales and Pseudomonadales. A shift in community structure was observed from the October samples to the November samples. October samples had high relative abundances of Halanaerobiales, while November, January and March samples had high relative abundances of Bacillales and Pseudomonadales. Ambient temperatures were approximately 10
• C at the time of sampling in October, 0
• C at the time of sampling in November and -3 • C to -4
• C at the time of sampling in January. Ambient air temperatures had increased to 15
• C at the March sampling event; however, temperatures leading up to that day had been below 5
Thus, the microbial population shift was observed in the 'winter' samples (November, January and March) with Bacillus, and Pseudomonas becoming more prevalent (Fig. 3) . These observations suggest microbial communities in produced waters change temporally in response to environmental conditions, thus consideration of seasonal variation in microbial communities should be included in produced water management strategies. This strategy will help to capture the full diversity of microbial populating in produced waters and allow the identification microorganisms that may contribute to processes such as bio corrosion, bio fouling and gas souring.
Halanaerobiales, Pseudomonadales and Bacillales have all previously been shown to be abundant and widespread in produced water (Struchtemeyer and Elshahed 2012; Mohan et al. 2013a,b; Strong et al. 2013; Wuchter et al. 2013; Cluff et al. 2014; Lipus et al. 2017a,b) . The order Halanaerobiales, especially the genus Halanaerobium, is halophilic and previous isolates have the metabolic potential to produce sulfides, produce acids and form biofilms (Ravot et al. 2005; Abdeljabbar et al. 2013; Oren 2014; Liang et al. 2016) . Several Halanaerobium draft genomes have recently been recovered from produced water (Daly et al. 2016; Lipus et al. 2017a) , and analysis of metabolic pathways further supports their role in acid and sulfide production in hydraulic fracturing systems (Daly et al. 2016; Liang et al. 2016; Lipus et al. 2017a) . The potential for sulfur cycling was also supported by the presence of total sulfur levels between 300 and 440 mg/L in the October samples. Unfortunately, we were not able to obtain detailed chemical data on different sulfur species in all samples, but recommend future research efforts should include this type of analysis.
The Bacillales were the most abundant taxa across the winter months (November, January and March). Members of Bacillales, including Bacillus and Staphylococcus, have both been previously identified in produced water and are considered anaerobic or facultative anaerobic, fermentative and spore forming (Ohara and Yahata 1996; Setlow 2014) . The emergence of Bacillus is of engineering interest, as these bacteria may contribute to microbial influenced corrosion and likely exhibit increased resistance to antimicrobial treatments.
Pseudomonadales were dominated by the genera Pseudomonas and Psychrobacter. Pseudomonas has been frequently detected in produced water and is involved in the organic compound oxidation and nitrate reduction in this environment (Lalucat et al. 2006; Struchtemeyer and Elshahed 2012; Cluff et al. 2014) . A Pseudomonas draft genome was recovered and analyzed by shotgun metagenome sequencing of the well 10, March 2015 sample from this study. This analysis revealed several genes involved in biofilm formation pathways (Lipus et al. 2017b) . Sequences affiliated with the genus Psychrobacter were identified in 45 samples. Six samples were characterized by relative Psychrobacter abundance of 10% or greater. The genus Psychrobacter is considered osmotolerant and psychrophilic, making it suitable for cold hypersaline environments (Bowman, Nichols and McMeekin 1997; Hinsa-Leasure et al. 2013; Wu et al. 2013 ) and a likely candidate to outcompete other produced water microorganisms during colder months. We believe Psychrobater has not been previously identified in produced water at this frequency and abundance. Both Pseudomonas and Psychrobacter contain biofilm forming species (Mann and Wozniak 2012; Hinsa-Leasure et al. 2013) , suggesting an increase in biofouling potential during the winter season.
Bakken and Three Forks formation produced waters have similar microbial community composition but distinct structure to produced waters from other oil shale gas regions
Comparison of these findings with results from previous studies analyzing produced water from hydraulically fractured wells suggests the Bakken Shale microbial community is similar in composition and alpha diversity but unique in community structure (i.e. relative abundance of specific taxa) to produced water from other plays. This is exemplified by the high relative abundance of Bacillales and lower than expected relative abundance of Halanaerobiales in Bakken Shale produced water. In contrast, data from studies investigating Marcellus Shale and Barnett Shale produced water suggested this role to be reversed with Halanaerobiales as the more abundant taxa. This study represents the first evidence that a taxon other than Halanaerobiales can dominate produced water from hydraulic fracturing across a large number of samples, even months and years post fracture. All identified taxa have been previously observed in produced water, adding to a growing consensus on common produced water taxa. Despite increasing understanding of produced water microbiology, it is necessary to evaluate produced waters from different areas separately, as regional, seasonal and operational factors structure the microbial community. Other operational factors, such as biocide composition, have also been shown to affect the microbial community structure (Mohan et al. 2013a,b; Cluff et al. 2014; Lipus et al. 2017a) .
Implications
Investigating the biological characteristics of produced water is necessary to expand the current microbiological characterization available for oil and shale gas regions, with the ultimate goal to minimize deleterious microbial effects through improved biocide application strategies and produced water management. Furthermore, evaluating produced water allows researchers to gain insights into microbial populations living in hypersaline, aqueous environments originating from the deep subsurface. Unlike other oil and shale gas regions, such as the Marcellus Shale, little data are available about the microbiology of produced waters from the Bakken region, which represents one of the most important oil and gas regions in the United States, and a subsurface environment characterized by unique physiochemical and environmental attributes. In this work, we characterized the microbial ecology from the greatest number and diversity of Bakken Shale separator and storage tanks produced water samples to date, thus providing insights into microbial community structuring and dynamics in these systems.
One of the primary motivations for this study was to investigate the presence of microorganisms potentially involved in microbial acid and sulfide production and biofilm formation processes, as these processes can contribute to operational and environmental issues caused by corrosion, biofouling and gas souring. Taxonomic analysis of produced water enabled identification of multiple microbial taxa putatively involved in corrosion, fouling and gas souring, namely members of the orders Halanaerobiales, Bacillales and Clostridiales. While the sulfidogenic taxa Desulfomicrobium and Desulfomonas were detected at low relative abundances, organisms belonging to genus Halanaerobium have been shown to produce sulfide through an alternative metabolic pathway, namely the reduction of sulfur or thiosulfates (Ravot et al. 2005; Liang et al. 2016; Lipus et al. 2017a) . Sulfur concentrations of more than 300 mg/L across all analyzed October samples further support the potential for biological sulfide production and subsequent gas souring. Results also demonstrated no community difference between separator or storage tank samples, but the community structure varied temporally, necessitating periodic sampling to capture microbial diversity and develop water treatment strategies.
Besides providing insights into the microbial ecology of hydraulic fracturing operations, findings from this study also demonstrate the ability of microorganisms such as Bacillus, Pseudomonas and Halanaerobium to live in hypersaline conditions (more than 300 000 mg/L) and contribute to the understanding of potential microbial community dynamics and microbial activity in subsurface fluids. While members of the anaerobic, halophilic genus Halanaerobium were previously considered one of the most important taxa in hypersaline subsurface fluids, the abundance of the taxa Pseudomonas and Bacillus suggests these environments to be more diverse.
Findings from this study are based on the analysis of produced water samples from a region of the Bakken Shale region with unique physiochemical and operational characteristics, and thus are not directly transferrable to produced water from other oil and shale gas regions. However, data from this study diversifies the currently available understanding of produced water microbial ecology. In addition, the roles of identified taxa from produced water in biofilm formation, acid production and sulfur metabolism were inferred from related isolates, which limits the ability to draw conclusions regarding the metabolic activity of microorganisms based solely on sample taxonomic assignment. Further work to better understand the metabolic potential and activity of relevant isolates, particularly Halanaerobiales, Bacillales and Pseudomonadales in the produced water environment is necessary to investigate how these organisms are involved with corrosion, sulfide production and biofilm formation processes. We also recommend the use of larger sample volumes for future efforts to minimize the challenges handling and analyzes low-biomass samples.
CONCLUSIONS
This study expands the current understanding of the microbial ecology in Bakken region produced water. It also provides new insights into microbial community dynamics of hypersaline produced water. The microbial composition was found to be similar to that of produced waters from other hydraulic fracturing regions with altered structure (i.e. relative abundances). However, temporal changes in microbial community structure, presumably caused by environmental changes, were observed. Communities were dominated by taxa of potential operational significance, such as Bacillus, Halanaerobium or Pseudomonas with implications for biocorrosion, biofouling and sulfide production in the Bakken Shale hydraulic fracturing infrastructure. These findings are important for produced water management and biocide application strategies, as they show microbial community structures to vary by time and environmental conditions and suggest more diverse microbial community dynamics than previously reported for produced waters from other oil and gas regions. Results from this study also highlight the need to evaluate produced waters from different shale regions in greater detail to further advance the understanding of produced water chemistry and microbiology and improve produced water management. To build on the data presented in this study, future efforts should also employ metagenomic and transcriptomic approaches to gain insights into the metabolic potential and activity of Bakken Shale produced water microbial populations.
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